INTRODUCTION
============

Isoflavonoids are biologically active secondary metabolites which are produced by most leguminous plants. However, nonleguminous plants have also been reported to produce isoflavonoids. Structurally, isoflavonoids differ from flavonoids according to the position of the phenolic ring B attachment at the C-3 position of the C-ring, instead of at the C-2 position in flavonoids. A number of isoflavonoid derivatives (more than 1600 to date) have been identified from different sources ([@b20-molcell-37-2-172-11]; [@b21-molcell-37-2-172-11]). In plants, the biosynthetic pathway of most of the flavonoid groups of compound share the same chalcone intermediate ([@b14-molcell-37-2-172-11]). Isoflavonoids bifurcate from flavonoids after the formation of flavanone (either naringenin or liquiritigenin) by CYP450 enzyme isoflavone synthase ([@b11-molcell-37-2-172-11]; [@b14-molcell-37-2-172-11]). Isoflavones are further modified at different stages in plants to produce structurally diverse compounds, such as coumestan, coumaronochromone, rotenoid and pterocarpan. The genetics of isoflavonoids biosynthesis has been extensively studied in legume plants (*Medicago truncatula*, *Glycine max*) as well as other model plants (*Arabidopsis thaliana*, *Beta vulgaris* and *Nicotiana tabacum* ([@b21-molcell-37-2-172-11]; [@b24-molcell-37-2-172-11]; 2011).

These low molecular weight phenolic compounds occur in free states as well as conjugated with sugar molecules. Most of those compounds are reported to exert several pharmacological properties, like estrogenic, antibacterial, antiviral, anti-inflammatory, endocrinological, antioxidant, anti-cancer properties ([@b3-molcell-37-2-172-11]; [@b18-molcell-37-2-172-11]). Soy beans are a major source of isoflavones such as daidzein and genistein ([@b2-molcell-37-2-172-11]), thus soy is the most important source of isoflavone in human diet. Asian food contains high isoflavone content, as compared to western diets, and the daily intake reaches 20--50 mg per day, while being limited to 1 mg per day in average western diets. Red clover (*Trifolium pratens*), a rich source of formononetin and biochanin A (4′-*O*-methlated forms of daidzein and genistein respectively), is used in organic farming as cow feed in Finland in order to generate isoflavones in organic cow milk ([@b5-molcell-37-2-172-11]).

Flavonoids and isoflavonoids are diversified to large numbers of compounds by various post modifications. For example, methylation, prenylation, hydroxylation, acylation and glycosylation are common modifications of most of the compounds, and thus, bring about alterations in physical, chemical and biological properties of the compounds ([@b1-molcell-37-2-172-11]; [@b10-molcell-37-2-172-11]; [@b24-molcell-37-2-172-11]). Glycosylation is one of the prominent modification reactions in plants, and is catalyzed by glycosyltransferases to transfer sugar moieties (glucose, galactose, rhamnose, xylose, rutinose etc.) to an acceptor molecule. The conjugation of a sugar moiety could be with reactive oxygen, carbon, nitrogen, or sulfur of the acceptor molecule. Glycosylation enhances the solubility and stability, and alters the biological properties of the compounds ([@b9-molcell-37-2-172-11]). The biological properties of most of the currently used therapeutics are derived from the sugar moiety attached to them ([@b26-molcell-37-2-172-11]). Moreover, glycosylation could help in the detoxification of many compounds, and helps to keep the environment hygienic ([@b19-molcell-37-2-172-11]; [@b23-molcell-37-2-172-11]).

In this study, we applied *Bacillus licheniformis* DSM-13 glycosyltransferase (YjiC) to modify four commercially available pharmacologically potent isoflavonoids. YjiC has been determined to catalyze glycosylation of chalcone (phloretin) ([@b15-molcell-37-2-172-11]), flavonols ([@b16-molcell-37-2-172-11]), flavone (apigenin) ([@b4-molcell-37-2-172-11]) and geldanamycin analogues ([@b28-molcell-37-2-172-11]). Moreover, it has been found that YjiC is flexible to glycosylate at maximum available reactive hydroxyl groups to produce diverse kinds of glucoside derivatives. Hence, here we attempt the modification of different isoflavonoids, i.e., biochanin A, daidzein, formononetin and genistein, to produce their glucoside derivatives using *in vitro* as well as *in vivo* approaches.

MATERIALS AND METHODS
=====================

General procedures
------------------

Genistein, daidzein, biochanin A and formononetin were purchased from Tokyo Chemical Industry (Japan). UDP-*α*-D-glucose was purchased from Sigma-Aldrich (USA). Genistein 7-*O-β*-D-glucoside (genistin) was available in our laboratory. All other chemicals and reagents were of the highest chemical grade available. The high resolution mass spectrometry spectra were obtained in positive ion mode on ACQUITY (UPLC, Waters Corp., USA) coupled with SYNAPT G2-S (Waters Corp.). The details of the methodology for the cloning, expression, and purification of YjiC are described in our previous report ([@b15-molcell-37-2-172-11]).

General lab-scale glycosyltransferase enzymatic reaction
--------------------------------------------------------

The YjiC reactions were carried out in a total reaction mixture volume of 200 μl, containing 100 mM Tris-Cl (pH 8.0), 4 mM UDP-*α*-D-glucose, 2 mM acceptor substrates (genistein, daidzein, biochanin A and formononetin), 10 mM MgCl~2~, and 50 μg of appropriately diluted enzyme. The reaction mixtures were incubated at 37°C for 3 h. Assay mixtures lacking enzyme served as controls. The reaction was quenched by adding 400 μl chilled methanol and mixed by vortexing for several minutes. Then, the aliquots were centrifuged at 12,000 rpm to remove proteins, and the reaction product was directly monitored by High Pressure Liquid Chromatography-Photo Diode Array (HPLC-PDA) and HR QTOF-ESI/MS after proper dilution.

Bioconversion using engineered *E. coli*
----------------------------------------

The engineered host *E. coli* BL21 (DE3)/Δ*pgi*Δ*zwf*Δ*ushA* harboring recombinant plasmids (pETDuet-*nfa44530*-*galU* and pET28-*yjiC*) was used for the whole cell biocatalyst assay. 200 μl of overnight culture of the above strain was transferred to 50 ml of TB liquid medium containing antibiotics \[kanamycin (50 μg/ml) and ampicillin (100 μg/ml)\], which was further supplemented with an additional 1% mannitol, 1% glucose, 1% fructose and 1% glycerol. The culture was incubated at 37°C until the optical density at 600 nm (OD~600nm~) reached approximately 0.6. Then, 0.5 mM of IPTG was added to the final concentration, and the cultures were incubated at 20°C for 16 h. To the above culture, 0.2 mM of each isoflavonoid (genistein, daidzein, formononetin and biochanin A) was added, and incubation was continued at 20°C for 48 h. 500 μl of samples were taken at 48 h, centrifuged, and extracted by a double volume of ethyl acetate. The organic layer was dried and was again dissolved in 500 μl of HPLC grade methanol for HPLC-PDA analysis. The conversion percentage was determined by HPLC and was then calculated by dividing the integrated area of glucosylated products by the sum of the integrated area of the products, plus the integrated area of the remaining acceptor substrate.

Analytical method
-----------------

The reverse-phase HPLC-PDA analysis was performed with a C~18~ column (Mightysil RP-18 GP (4.6 × 250 mm, 5 μm) connected to a PDA (260~nm~) using binary conditions of H~2~O (0.1% trifluroacetic acid buffer) and 100% acetonitrile (ACN) at a flow rate of 1 ml/min for 25 min. The ACN concentrations were as follows: 20% (0--5 min), 50% (5--10 min), 70% (10--15 min), 90% (15--20 min), 10% (20--25 min).

RESULTS
=======

Recombinant protein production and *in vitro* glucosylation reactions
---------------------------------------------------------------------

pET28a-YjiC constructed was transformed in *E. coli* BL21(DE3) and used for the production of approximately 46 kDa hexahis-tagged YjiC protein ([@b15-molcell-37-2-172-11]; [@b16-molcell-37-2-172-11]). The protein was purified using Ni^2+^ chelate affinity chromatography and was concentrated using a 30K cut-off Amicon ultra centrifugale filter. The concentrated purified protein was quantified and used for the *in vitro* glycosyltransferase reactions with four different commercially available isoflavonoids. The *in vitro* reaction was carried out as described in "Material and Methods" for individual isoflavonoids. After the incubation of reaction mixture at 37°C for 3 h, it was quenched with chilled methanol and analyzed by HPLC-PDA analysis.

Liquid chromatography analysis
------------------------------

The HPLC-PDA analysis of all four individual reaction mixtures was carried out under identical HPLC conditions. The genistein reaction mixture showed three glucosylated products-G~1~, G~2~ and G~3~ at retention times (*t~R~*) of 14.2 min, 13.7 min, 11.8 min respectively. Similarly, three glucosylated products (D~1~, D~2~, and D~3~ with *t~R~* 13.4 min, 13.2 min and 11.4 min respectively) were observed with daidzein. However, a single product was found to be produced in the case of biochanin A and formononetin ([Fig. 2](#f2-molcell-37-2-172-11){ref-type="fig"}). Genistein has three hydroxyl groups at 4′, 5 and 7 positions ([Fig. 1](#f1-molcell-37-2-172-11){ref-type="fig"}). Since, the previous studies showed the flexible activity of YjiC, we could not predict the exact position of glucosylation in compounds having multiple hydroxyl groups. Thus, we compared the *t~R~* of genistin (genistein-7-*O*-*β*-D-glucoside) to identify the products of genistein ([Fig. 2A](#f2-molcell-37-2-172-11){ref-type="fig"}). The *t~R~* of genistein was found to be exactly with the same as that of G~2~, confirming one of the products of genistein to be genistein-7-*O-β*-D-glucoside. Though daidzein has only two prominent reactive hydroxyl groups, at 4′ and 7 positions ([Fig. 1](#f1-molcell-37-2-172-11){ref-type="fig"}), three glucosylated products were observed. In contrast, biochanin A also has two reactive hydroxyl positions at 5 and 7 carbons of A-ring, but has only one glucosylated product. This results shows that YjiC could not be able to glucosylate at 5^th^ hydroxyl position of A-ring in isoflavonoids. A similar observation was also previously noticed when YjiC was used for the reaction of apigenin ([@b4-molcell-37-2-172-11]). The NMR analysis of all the reaction products found that there was no glycosylation at the 5^th^ hydroxyl position of the A-ring. However, further analysis of all the reaction products by high resolution mass spectrometry was carried out to identify the possible structures of the compounds.

Structural elucidation by high resolution mass spectrometry analysis
--------------------------------------------------------------------

The HPLC-PDA coupled with HR QTOF-ESI/MS analysis of the all reaction products was carried out for the identification of the products ([Fig. 3](#f3-molcell-37-2-172-11){ref-type="fig"}). The exact mass analysis of genistein reaction mixture showed two monoglucosides (G~1~, \[M+H\]^+^ m/z^+^ ∼433.1131 and G~2~, \[M+H\]^+^m/z^+^∼433.1140) whereas G~3~ was determined as a diglucoside (\[M+H\]^+^ m/z^+^∼595.1649) of genistein. This result confirmed G~1~ as genistein 4′-*O*-*β*-D-glucoside, G~2~ as genistein 7-*O*-*β*-D-glucoside and G~3~ as genistein 4′,7-*O-β*-D-diglucoside. Since, there was no exact mass matching with the triglucoside of genistein, we confirmed that YjiC could not be able to glucosylate at the 5-hydroxyl position of the A-ring of isoflavonoids. Further evidence of the production of a monoglucoside of biochanin A, biochanin A-7-*O*-*β*-D-glucoside (\[M+H\]^+^ m/z^+^∼447.1350) supported our result. This could be because of the hindrance of the ketone group present in the C-ring of flavonoids and isoflavonoids. In the case of daidzein, we also found two monoglucosides (D~1~, \[M+H\]^+^ m/z^+^∼417.1203 and D~2~, \[M+H\]^+^ m/z^+^∼4417.1178) and a diglucoside (D~3~, \[M+H\]^+^ m/z^+^∼ 579.1711). The 4′-hydroxyl position glucosylated product has been found to have a longer retention time than the 7-hydroxyl position glucosylated product in the case of apigenin ([@b4-molcell-37-2-172-11]) and genistein too. Thus, we confirmed D~1~ as daidzein 4′-*O*-*β*-D-glucoside and D~2~ as daidzein 7-*O*-*β*-D-glucoside. Since there are only two possible reactive hydroxyl groups in daidzein, the diglucoside derivative (D~3~) has been confirmed as daidzein 4′, 7-*O*-*β*-D-diglucoside. The single product of formononetin was also identified as formononetin 7-*O*-*β*-D-glucoside (\[M+H\]^+^ m/z^+^∼431.1355) as it has only one available hydroxyl group at the 7 position for glucosylation.

Study of conversion rate of compounds
-------------------------------------

We studied the conversion percentage of each isoflavonoid by HPLC analysis. The comparative conversion rate analysis showed maximum conversion of daidzein to be approximately 92%. However, the conversion rate of genistein, biochanin A and formononetin was 69%, 74.4% and 71.5%, respectively ([Fig. 4](#f4-molcell-37-2-172-11){ref-type="fig"}). The previous studies in our laboratory showed relatively higher conversion percentages of flavonols, such as 98% conversion of fisetin, approximately 100% conversion of kaempferol ([@b16-molcell-37-2-172-11]), and with phloretin (chalcone) the conversion was 95% ([@b15-molcell-37-2-172-11]). Based on those previous results, the catalysis activity of YjiC is lower with isoflavonoids. However, the conversion was significantly higher with daidzein. With this significant *in vitro* bioconversion result, we applied the YjiC glycosyltransferase for *in vivo* bioconversion of those isoflavonoids by engineering *E. coli* BL21 (DE3).

Bioconversion of isoflavonoids using engineered *E. coli*
---------------------------------------------------------

As described in our previous reports, we used optimized medium for the engineered *E. coli* strain *E. coli* BL21 (DE3)/Δ*pgi*Δ*zwf*Δ*ushA* over-expressing phosphoglucomutase (*nfa44530* from *Nocardia farcinica*) and glucose 1-phosphate uridyl transferase (*galU* from *E. coli*) ([Fig. 5A](#f5-molcell-37-2-172-11){ref-type="fig"}), based on their cell growth ([@b12-molcell-37-2-172-11]; [@b17-molcell-37-2-172-11]) and determined the biotransformation of all isoflavonoids. The biotransformation resulted in good conversion of all isoflavonoids to their glucosides, showing biochanin A with the highest conversion rate (∼75%) and formononetin has ∼45% conversion being the lowest conversion rate among all isoflavonoids used in this study ([Fig. 5B](#f5-molcell-37-2-172-11){ref-type="fig"}). Though daidzein had the highest conversion rate in the *in vitro* reaction ([Fig. 4](#f4-molcell-37-2-172-11){ref-type="fig"}), the *in vivo* bioconversion was found to be lowered to 62%. However, this approach could be used to scale up fermentation in large scale fermentors, to produce large quantities of target compounds for commercial purposes, which could lead to the availability of the compound at a lower price. The further optimization of production and fermentation processes, as well as the engineering of YjiC, is essential for the attainment of higher production levels, as well as for the regiospecific production of target compound.

DISCUSSION
==========

Engineering microbial cells and applying them as a microbial cell factories for the production of valuable products has attracted a wide range of industries for the eco-friendly production of medicinal compounds, cosmetics, and other commodities. Thus, we have applied engineered *E. coli* for the efficient and cheap bioconversion of isoflavonoids to their glucoside derivatives. The *in vitro* biotransformation of compounds to their glycosides for large scale production requires expensive nucleotide sugar donors (for example, UDP-*α*-D-glucose) and purified glycosyltransferase enzymes. Hence, the process is expensive, and cannot be readily scaled up. Similarly, the chemical approach of production of those glycosides requires multiple steps of chemical reactions, which are time consuming and tedious, and the entire process is not eco-friendly. Hence, the green biotechnology approach of using microbial cell factories has a number of merits over *in vitro* and chemical approaches of conversion of compounds to their glycoside derivatives by simple fermentation ([@b27-molcell-37-2-172-11]).

Metabolically engineered microbes (*E. coli*, *Saccharomyces cerevisiae*, and *Streptomyces* species) have been widely used to diversify natural products. Artificial biosynthetic pathways are introduced in such microbes for the production of plant specific medicinal polyketides, including isoflavonoids, flavonoids, stilbenoids etc ([@b7-molcell-37-2-172-11]). By using this biosynthesis approach, natural as well as unnatural compounds have been developed, which could have novel properties ([@b6-molcell-37-2-172-11]; [@b8-molcell-37-2-172-11]; [@b13-molcell-37-2-172-11]; [@b22-molcell-37-2-172-11]). In fact, a number of studies have been carried out and a huge number of compounds have been generated, with a library of those compounds having been constructed. Since flavonoids and isoflavonoids have been identified as potentially having beneficial effects on human health, metabolic engineering has been carried out to modify them, thus increasing the yield of the target compounds.

We developed the *E. coli* BL21(DE3) expression host as a microbial cell factory by over-expressing UDP-*α*-D-glucose biosynthetic pathway genes and directing the carbon flow towards UDP-*α*-D-glucose by blocking the genes diverting the precursors of the UDP-*α-*D-glucose. Glucose phosphate isomerase (*pgi*), D-glucose-6-phosphate dehydrogenase (*zwf*) and UDP-*α*-D-glucose hydrolase (*ushA*) genes were blocked by deleting their respective genes from the chromosome of *E. coli* ([@b17-molcell-37-2-172-11]). The blocking of *pgi* and *zwf* diverts the flow of glucose 6-phosphate by glycolysis and pentose phosphate pathways, resulting in the increased pool of UDP-*α*-D-glucose in cell cytoplasm, which is utilized by glycosyltransferase to produce glucosides of the target compounds. UshA hydrolyzes the excess UDP-*α*-D-glucose to UDP and glucose. Thus, the *E. coli* BL21(DE3) strain lacking *pgi*, *zwf* and *ushA* genes and over-expressing *nfa44530* and *galU* ([Fig. 5A](#f5-molcell-37-2-172-11){ref-type="fig"}) could serve as a suitable strain for glycosylation. Since, *E. coli* BL21 (DE3)/Δ*pgi*Δ*zwf*Δ*ushA* has shown better performance in bioconversion of quercetin to quercetin 3-*O*-xyloside ([@b17-molcell-37-2-172-11]), in which UDP-*α*-D-glucose is an intermediate of UDP-xylose biosynthetic pathway, than *E. coli* BL21 (DE3), *E. coli* BL21 (DE3)/Δ*pgi, E. coli* BL21 (DE3)/Δ*zwf,* and *E. coli* BL21 (DE3)/Δ*pgi*Δ*zwf,* we have selected *E. coli* BL21 (DE3)/Δ*pgi*Δ*zwf*Δ*ushA* for the bioconversion of isoflavonoids to their respective glucosides.

Importantly, the glucosides of isoflavonoids like genistein 7-*O*-*β*-D-glucoside (Genistin), daidzein7-*O*-*β*-D-glucoside (Daidzin), formononetin 7-*O*-*β*-D-glucoside (Ononin), biochanin A 7-*O*-*β*-D-glucoside (Sissotrin) have relatively very high prices. Few of the monoglucosides and diglucosides are commercially unavailable. In this context, the production of these isoflavonoid glucoside derivatives and their proper commercialization could be an exciting prospect.
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![A typical structure of isoflavonoid along with four different commercially available isoflavonoids (genistein, biochanin A, daidzein and formononetin) used in this study.](molcell-37-2-172-11f1){#f1-molcell-37-2-172-11}

![HPLC chromatogram of reaction products of four different isoflavonoids. (A) genistein, (B) biochanin A, (C) daidzein and (D) formononetin. The Figure A contains an additional chromatogram of standard genistin (genistein 7-*O*-*β*-D-glucoside) at the top.](molcell-37-2-172-11f2){#f2-molcell-37-2-172-11}

![HPLC-PDA-QTOF-HR ESI/MS analysis. (A) Glucosides of genistein: (i) genistein 4′,7-*O*-*β*-D-diglucoside (G~3~, a diglucoside of genistein), (ii) genistein 4′-*O*-*β*-D-glucoside (G~1~) and (iii) genistein 7-*O*-*β*-D-glucoside (G~2~) (two different monoglucosides of genistein), (B) biochanin A 7-*O*-*β*-D-glucoside (B~1~, a monoglucoside of biochanin A), (C) Glucosides of daidzein: ((i) daidzein 4′,7-*O*-*β*-D-digluco-side (D~3~, a diglucoside of daidzein), (ii) daidzein 4′-*O*-*β*-D-glucoside (D~1~) and (iii) daidzein 7-*O*-*β*-D-glucoside (D~2~) (two different monoglucosides of daidzein), and (D) formononetin 7-*O*-*β*-D-glucoside (F~1~, a monoglucoside of formononetin).](molcell-37-2-172-11f3){#f3-molcell-37-2-172-11}

![Conversion rate of each isoflavonoids \[genistein, daidzein, formononetin (Form), and biochanin A (Bio A)\] and formation rate of each glucosylated products catalyzed by YjiC under identical conditions. Total indicates the sum of formation rate of each monoglucosides (G~1~, G~2~) and diglucoside (G~3~) of genistein and monoglucosides (D~1~, D~2~) and diglucoside (D~3~) of daidzein respectively. B~1~ and F~1~ are the 7-*O*-*β*-D-glucoside of biochanin A and formononetin respectively. The error bars show the standard deviations of three independent experiments, which were less than 5%.](molcell-37-2-172-11f4){#f4-molcell-37-2-172-11}

![Bioconversion of isoflavonoids using engineered *E. coli* BL21 (DE3). (A) Diagramatic sketch of engineered *E. coli*. Pool of UDP-*α*-D-glucose has been expected to be increased by over expressing phosphoglucomutase (*nfa44530*) and uridyltransferase (*galU*) and engineering *E. coli* BL21(DE3) by knock-out of glucose phosphate isomerase (*pgi*), D-glucose-6-phosphate dehydrogenase (*zwf*) and UDP-*α*-D-glucose hydrolase (*ushA*) genes. The yellow highlighted pathway was over expressed. (B) The conversion percentage of each isoflavonoids in shake flask cultures of engineered *E. coli* BL21(DE3)/Δ*pgi*Δ*zwf*Δ*ushA* pET-Duet-*nfa44530-galU*, pET28*- yjiC* supplemented with 0.2 mM of each isoflavonoids in independent experiments. The ethyl acetate extract of the 48 h culture incubated at 20°C by HPLC-PDA. The conversion percentage was determined by HPLC and calculated by dividing the integrated area of glucosylated products by the sum of the integrated area of the products plus the integrated area of the remaining acceptor substrate. Form represents formononetin whereas BioA is biochanin A. The error bars show the standard deviations of three independent experiments, which were less than 5%.](molcell-37-2-172-11f5){#f5-molcell-37-2-172-11}
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